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Summary
Background: Periprosthetic infection (PPI) is a difficult complication in total joint arthroplasty,
and while erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) are acute phase
reactants thought to be of high predictive value for diagnosing infection, no clear cut-off values
have been defined. The current study aimed to determine the cut-off values for ESR and CRP that
improve clinical differentiation between aseptic failure and PPI in total hip arthroplasty (THA).
Methods: Four hundred and seventy-nine patients who underwent revision THA for either aseptic
mechanical failure or PPI during the period of 2000 to 2005 were included in the study. Specific
exclusion criteria were applied to eliminate inflammatory or other confounding conditions. All
patients underwent preoperative testing of ESR and CRP. Receiver operating characteristic (ROC)
curves were constructed to determine maximum sensitivity and specificity.
Results: Patients with PPI had significantly higher ESR and CRP values compared to patients
undergoing revision for aseptic etiologies. An ESR threshold of 30 mm/h gave a sensitivity of 94.3%
and a CRP threshold of 10 mg/l gave a sensitivity of 91.1%. Combining both ESR and CRP cut-offs
for a positive diagnosis increased the sensitivity to 97.6%. However, when calculated by ROC
analysis, the predictive cut-offs equated to 31 mm/h for ESR and 20.5 mg/l for CRP.
Conclusions: The gold standard for diagnosing PPI remains bacterial culture, but sensitivity is
negatively affected by prior antibiotic exposure, strongly adherent bacteria, slow growing
persisters, and biofilms. ESR and CRP are reflective of systemic changes in infection and pose
an attractive, less invasive alternative with reasonable sensitivity and specificity. The current
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study is the first to identify ideal cut-off values for ESR and CRP in THA patients, providing an
optimum balance between sensitivity and specificity based on ROC curves.
# 2009 International Society for Infectious Diseases. Published by Elsevier Ltd. All rights
reserved.
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Joint replacement has been dubbed as a great success story,
with increasingly more patients taking advantage of the
procedure.1 The majority of patients are highly satisfied,
yet a small minority experience complications.2,3 Infection,
diagnosed in 1—5% of patients, is the most disconcerting
problem due to the associated high morbidity and possible
mortality.4 The presentation is often chronic or late, difficult
to assess and properly diagnose, and the treatment is often
limited by the irresolute diagnosis.
Accurate diagnosis is the first step in the successful treat-
ment of periprosthetic infection (PPI). Differentiation of PPI
from aseptic loosening or osteolysis is often difficult and
requires interpretation of assorted laboratory and imaging
data.5—7 The gold standard is the isolation of an infectious
organism from periprosthetic tissue or biofilm colonizing the
implant.8 Such a diagnosis, however, requires surgical deb-
ridement or even implant retrieval and exchange, leading to
further disability, subsequent morbidity, and increased risk
for reinfection. Therefore, an accurate preoperative diag-
nosis can minimize further complications and drastically
improve patient results and satisfaction.9,10
Currently, the diagnosis of PPI is based on a complex
algorithm that incorporates all available information,
including clinical history, radiological parameters, serolo-
gical values, microbiology, and pathology. Erythrocyte
sedimentation rates (ESR) and C-reactive protein (CRP)
values are popular acute phase reactants used in these
diagnostic algorithms, especially given their reasonably
high sensitivity and acceptable specificity for infection.6,8
However, the literature shows much diagnostic variability
with different threshold values used in each paper based
on institutional experience and individual success.11,12
Such variability further depends on patient selection, con-
founding factors like inflammation and autoimmune con-
ditions, study biases, institutional volume and experience,
and the clinical laboratory standardization. No standar-
dized values for ESR and CRP have been proposed for hip
arthroplasty.
The goal of our study was to determine a set of cut-off
values for ESR and CRP that would provide the most optimal
sensitivity and specificity for detecting PPI. Clearly defined
thresholds would improve the surgeon’s capacity to differ-
entiate aseptic mechanical failure from PPI, and therefore
improve management. To accomplish this goal, we reviewed
the ESR and CRP numbers in a large cohort of infected and
non-infected patients who underwent total hip arthroplasty
(THA) revision at our high volume center. The data were
subsequently analyzed statistically using receiver operating
characteristics (ROC) curves. The values obtained in our
analysis could then be used with currently acceptable diag-
nostic algorithms and potentially improve patient care and
overall surgical success.Materials and methods
Study design
This was a cohort study with retrospectively collected data
examining the ESR and CRP diagnostic tests based on pre-
viously developed diagnostic criteria for periprosthetic infec-
tion in THA. Institutional review board approval was obtained
prior to initiation of our comparative study, and all patients
gave their consent to participate. We performed a review of
the ongoing total joint arthroplasty database at our institu-
tion. We identified 499 patients who underwent revision THA
for either aseptic mechanical failure or PPI during the period
of 2000 to 2005. A detailed review of medical records was
performed to extract demographic information and medical
history. All patients in the study underwent preoperative
testing using ESR and CRP by the hospital clinical laboratory
according to their accepted standards and controls. The CRP
level was measured using turbidimetric techniques (Beckman
Coulter, Brea, CA, USA), while the ESR was measured using an
automated analyzer (Mini-Ves, Plymouth, MN, USA). The time
interval from performing phlebotomy tomeasuring ESR levels
was within one to two hours in the vast majority of cases.
Patients with comorbid conditions known to elevate ESR and
CRP, including inflammatory disease, chronic renal failure,
hepatitis, and active malignancy or infection in other regions
of the body were not considered for the study due to the
confounding effects.13—15 Two or more intra-operative speci-
mens were obtained and sent for aerobic and anaerobic
cultures during the revision procedures. Preoperative aspira-
tion of the hip joint with cell counts and cell differential were
also performed when the acute phase reactants or clinical
suspicion suggested infection.
Infection criteria
Patients were diagnosed with PPI if they fulfilled one of the
following criteria: (1) an abscess or sinus tract was found to
be communicating with the joint space, (2) positive preo-
perative aspiration culture on solid media, (3) two or more
positive intra-operative cultures or one positive culture on
solid media in conjunction with the presence of other indi-
cators of infection including gross intracapsular purulence or
an elevated cell count and differential of the aspirate fluid.
Study population
Although our initial cohort consisted of 499 total hip revi-
sions, 20 patients who underwent treatment procedures for
PPI were excluded from the infected subgroup because they
failed to fulfill the infection criteria listed above. The cul-
tures of 20 patients who underwent revision surgery for
aseptic mechanical failure were classified as false positives.
Therefore, our final study population consisted of 479
Figure 1 Receiver operating-characteristic curves for (a) ery-
throcyte sedimentation rate (ESR) and (b) C-reactive protein
(CRP). The area under the curve for ESR was 0.943 (95% CI 0.917—
0.968) and for CRP was 0.941 (95% CI 0.912—0.970).
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years (range 23—93 years) at time of revision surgery.
Infected patients constituted 26.5% of the population. In
the infected patient group, 28% underwent irrigation and
debridement with retention of components, 48% required
two-resection arthroplasty to control the underlying infec-
tion, while 13% were treated with one-stage reimplantation.
The remaining 11% of the infected cohort consisted of
patients who were diagnosed with PPI after undergoing
revision surgery for mechanical failure.
Statistical methods
The mean and 95% confidence interval (95% CI) of the ser-
ological parameters including ESR and CRP of the infected
and non-infected groups were determined, and the differ-
ence between means was compared using an independent
two-sample Student’s t-test. A p-value of <0.05 (two-sided)
was considered to be statistically significant. All statistical
analyses were performed using SPSS version 13 (SPSS Inc.,
Chicago, IL, USA) and SAS statistical software (SAS Institute
Inc., Cary, NC, USA).
ROC curves, which depict the relationship between true-
positive (sensitivity) and false-positive (1 — specificity)
cases, were constructed for ESR (Figure 1A) and CRP
(Figure 1B). The area under the curve (AUC), which depicts
the accuracy of the test, was calculated for each of the above
variables. An AUC of 1 demonstrates an ideal test with a 100%
sensitivity and specificity, while an AUC of less than 0.5
indicates that the diagnostic test is less useful. The ROC
curve constructed correlates the true positive and false
positive rates for a series of data points. We used a para-
metric method based on bivariate normal distribution that
implements a maximum likelihood estimator to fit a smooth
curve to the data points. This estimate assumes one normal
distribution for cases with the disease and one normal dis-
tribution for cases without, or that the data have been
monotonically transformed to normal.16—19 This binormal
form has been found empirically to provide satisfactory
ROC fits to data generated in a very broad variety of situa-
tions. The diagnostic cut-off values of ESR and CRP were
chosen as those values that corresponded to the points on the
ROC curves nearest the upper left hand corner of the graph
for optimal balance between sensitivity and specificity in
diagnosing PPI. We performed a paired t-test analysis (sig-
nificance accepted at p < 0.05) of the AUC for the ESR and
CRP to determine which diagnostic test is best suited for
diagnosing PPI.
The ESR and CRP cut-off values of 30 mm/h and 10 mg/l,
respectively, are frequently used in the literature to dis-
tinguish between infected and non-infected total joint
arthroplasty. The sensitivity, specificity, predictive values,
and likelihood ratios were calculated for the arbitrarily
chosen and ROC-determined cut-off values noted above. A
positive likelihood ratio represents the odds that a positive
result will be observed in a patient with an infection
compared with the odds that the same result will be
observed in a patient without an infection. On the other
hand, a negative likelihood ratio represents the odds that a
negative result will be observed in an infected patient
compared with the odds that the same result will be
observed in a non-infected patient.As a separate evaluation, multiple combinations were
created and their diagnostic value was examined. One strat-
egy entailed selecting for either ESR or CRP to define infec-
tion, wherein if either laboratory value reached the ROC cut-
off value the patient would be classified as infected, there-
fore improving the sensitivity of tests and their ability to
detect infection.20 On the other hand, a second strategy was
employed that required both tests to be positive to reach a
diagnosis of PPI, with the understanding that the cutoff
values were obtained independently. In this strategy, both
tests were performed even if one of the tests was negative.
Intuitively this improves the specificity of the combination
and allows the surgeon to better confirm PPI.20 The estimated
sensitivity, specificity, predictive values, and likelihood
ratios were calculated for each combination based on the
original clinical information, and the 95% CI were reported.
Table 1 Diagnostic test characteristics for ESR and CRP using arbitrarily chosen cut-off values present in the literaturea
Test Sensitivity % Specificity % PPV % NPV % LR(+) LR()
ESR 30 mm/h 94.3 (89—98) 70.2 (65—75) 55.5 (48—62) 96.9 (94—99) 3.4 (0.7—7.9) 0.09 (0.03—0.27)
CRP 10 mg/l 91.1 (85—95) 76.6 (72—81) 60.5 (53—68) 95.6 (92—98) 4.1 (2.3—7.2) 0.13 (0.05—0.38)
ESR or CRP 97.6 (93—99) 58.7 (53—64) 48.2 (42—54) 98.4 (95—99) 2.5 (1.5—4.4) 0.04 (0.01—0.16)
ESR and CRP 87.8 (81—93) 88.1 (84—92) 74.5 (66—81) 94.8 (92—97) 7.5 (2.4—18.3) 0.20 (0.09—0.38)
ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; PPV, positive predictive value; NPV, negative predictive value; LR(+), positive
likelihood ratio; LR(), negative likelihood ratio.
a A periprosthetic infection prevalence of 26.5% was used to calculate the prevalence values.
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Infectious criteria and results were evaluated based on
acceptable literature standards.12,21 As stated,most patients
had preoperative joint aspiration along with ESR and CRP
measurements. The most common organisms retrieved from
the preoperative aspirate fluid and intra-operative cultures
were: methicillin-resistant Staphylococcus aureus (MRSA;
24.4%), methicillin-sensitive Staphylococcus aureus (MSSA;
21.3%), methicillin-resistant Staphylococcus epidermidis
(MRSE; 11.8%), methicillin-sensitive Staphylococcus epider-
midis (MSSE; 9.4%), Streptococcus species (8.7%), Enterococ-
cus faecalis (6.3%), Pseudomonas aeruginosa (3.1%), multiple
organisms (3.1%), Proteus mirabilis (2.4%), Escherichia coli
(1.6%), Serratia marcescens (1.6%), Corynebacterium stria-
tum (1.6%), vancomycin-resistant Enterococcus faecium
(VRE) (1.6%), or no growth (3.1%). Loosening of the acet-
abulum or femur, instability, polywear, malpositioned com-
ponents, periprosthetic fracture, and component fracture
were the reasons for performing aseptic revision surgery. The
most common primary diagnosis for index arthroplasty was
degenerative osteoarthritis for both infected and non-
infected patients.
The mean ESR measurement in patients with PPI was
significantly higher than in patients who underwent revision
for aseptic etiologies (77 mm/h vs. 29 mm/h; p = 0.0001).
Similarly, the mean CRP was significantly higher among
infected patients than non-infected patients (14.9 mg/l vs.
9.48 mg/l; p < 0.0001). When using a threshold of 30 mm/h
for ESR, the sensitivity was 94.3% (95% CI 89—98%) (Table 1),
while a CRP threshold of 10 mg/l yielded a sensitivity of 91.1%
(95% CI 85—95%). However, the specificity, positive predictive
value, and positive likelihood ratios of each test were of low
clinical value as compared to their sensitivity, negative pre-
dictive value, and negative likelihood ratios (Table 1). When
the two tests were combined using the arbitrary cut-offs
listed above in such a way that both were required to beTable 2 Diagnostic test characteristics for ESR and CRP using cu
Test Sensitivity % Specificity % PPV %
ESR 31 mm/h 94.5 (90—98) 72.2 (65—79) 71.5 (64—
CRP 20.5 mg/l 94.3 (89—98) 81.0 (72—89) 80.5 (72—
ESR or CRP 96.1 (91—99) 59.2 (54—65) 50.0 (44—
ESR and CRP 74.8 (66—82) 89.0 (85—92) 74.2 (66—
ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; ROC, rece
negative predictive value; LR(+), positive likelihood ratio; LR(), nega
a A periprosthetic infection prevalence of 26.5% was used to calculapositive to determine PPI, the specificity and negative like-
lihood ratio improved at the expense of the sensitivity and
positive likelihood ratio. Nonetheless, there remained a 25%
chance that patients with both an elevated ESR and CRP were
non-infected and a false positive diagnosis would be com-
mitted. Combining the two laboratory tests, with the patient
being considered infected if at least one of the two tests was
positive, increased the sensitivity to 97.6% (95% CI 93—99%)
and negative predictive value to 98.4% (95% CI 95—99%) and
decreased the odds of PPI being present with a negative test
result (negative likelihood ratio) when compared to each
individual test.
ROC curves were constructed for both ESR and CRP in
order to define a cut-off value with an optimal balance
between sensitivity and specificity to predict infection in
THA (Figure 1). The areas under the curve (AUC) for the ESR
and CRP were 0.943 (95% CI 0.917—0.968) and 0.941 (95% CI
0.912—0.970), respectively; there was no significant differ-
ence in AUC between the two tests ( p = 0.98). The calculated
thresholds for ESR and CRP were 31 mm/h and 20.5 mg/l,
respectively. An ESR cut-off of 31 mm/h and CRP cut-off of
20.5 mg/l yielded a negative predictive value of 94.3% (95%
CI 91—98%) and 94.2% (95% CI 91—98%), respectively, in ruling
out PPI (Table 2). The use of such cut-off values also improved
the positive predictive value of both ESR (71.5%; 95% CI 64—
79%) and CRP (80.5%; 95% CI 72—89%). Since both the positive
and negative likelihood ratios for ESR and CRP improved using
the ROC thresholds as compared to the arbitrary thresholds
frequently implemented in the literature, the odds of com-
mitting a false positive or false negative error in diagnosis
decreased. As expected,22 when using the criteria of either
an ESR>31 mm/h or CRP>20.5 mg/l to detect infection, the
sensitivity and negative likelihood ratio improved as com-
pared to the results obtained for each individual test when
used separately (Table 2). The combined tests have a very
high success at ruling out infection, leaving only 2.7% of cases
misdiagnosed as false negatives.t-off values determined from ROC curvesa
NPV % LR(+) LR()
79) 94.3 (91—98) 3.5 (0.7—8.0) 0.07 (0.02—0.28)
89) 94.2 (91—98) 4.9 (2.6—8.7) 0.07 (0.01—0.26)
56) 97.3 (94—99) 2.4 (1.4—4.3) 0.06 (0.02—0.30)
82) 89.3 (85—93) 6.8 (1.9—16.2) 0.28 (0.15—0.38)
iver operating characteristics; PPV, positive predictive value; NPV,
tive likelihood ratio.
te the prevalence values.
e448 E. Ghanem et al.Discussion
Periprosthetic infection after THA is a difficult complication
to manage and treat.5 Although early detection may improve
outcomes, there is no single diagnostic tool that can diagnose
PPI with 100% accuracy.4 The gold standard for diagnosing
infection remains culture of bacteria from the implant sur-
face during revision surgery.8 Such a method, however, deci-
des post-factum, after the revision surgery, and therefore
serves only as a confirmatory measure. ESR, CRP, and joint
aspiration are commonly used preoperative tests for early
detection of infection and discrimination of aseptic fail-
ure.6,21 While aspiration has its advantages, biofilm-based
infections create small pockets that are strongly adherent to
the biomaterial, therefore limiting their distribution in joint
fluid.23,24 On the other hand, ESR and CRP are reflective of
systemic changes and they are available for quantification
from serum. These acute phase reactants pose an attractive,
less invasive alternative to aspiration and other surgical
intervention.
When used appropriately, ESR and CRP can be highly
effective at predicting periprosthetic infection. No universal
normal ranges exist for either ESR or CRP, as both measure-
ments vary with gender, age, andmultiple clinical conditions.
However, current findings suggest that both ESR and CRPhave
reasonable sensitivity and acceptable specificity in a selec-
tive group of patients, and they provide adequate predictive
values. Furthermore, these results agree with previous
values reported in the literature. Feldman et al. showed
that ESR values over 50 mm/h lead to a sensitivity of at least
79% and a specificity of 78%.25 In another patient population,
an ESR cut-off value of 30 mm/h in a prospective study by
Spangehl et al.12 produced 82% sensitivity and 85% specificity.
Similarly, the CRP was an even better predictor of infection
with CRP levels greater than 1 mg/dl being 96% sensitive and
92% specific for PPI.12 The classification scheme of infection
in the above investigation was not independent of the vari-
ables under study, including the ESR and CRP, which may have
subsequently biased the results and conclusions.
A review of the literature confirms that this is the first
study of its kind that has attempted to statistically define
ideal cut-off values for ESR and CRP in THA patients. Speci-
fically, we suggest that ROC analysis is a better tool for
clinical decision-making. Using the ROC, our current THA
data agree in principle with knee replacement results pub-
lished by Greidanus et al.26 However, their conclusions sug-
gest ESR and CRP cut-off values of 22.5 mm/h and 1.35 mg/
dl, respectively. Such values are significantly lower than
those obtained in the current study or previously reported
in the literature. This discrepancy may be related to the joint
operated on, with critical differences between the typical
approach to periprosthetic infection in the knee and hip.
Different laboratories may produce slightly different values
that may require local standardization at the hospital level.
Furthermore, the results of ROC curves have to be inter-
preted in view of different sample sizes and distributions;20
our sample population was nearly 2.5-fold the number of
total knee arthroplasty cases revised in the cohort above.26
Nonetheless, our study has some inherent limitations that
require consideration. This work was done in a high volume
center with a high referral base with infection rates that
differ from the general orthopedic population. The infectionrate may be significantly different in our hands compared to
the rate experienced in a primary treatment center. In view
of that, ROC analysis does not account for such prevalence
and only tests the hypothesis for this patient population.
Likelihood ratios and predictive values may be more appro-
priate, however most clinicians feel more comfortable with
specificity and sensitivity as measurements of the test qual-
ity. Other statistical analyses, including Bayesian inference,
may be superior to ROC under these settings. Furthermore,
the retrospective nature of the study introduces additional
biases and confounding factors, even though the analysis
would be difficult to perform prospectively without affecting
patient care.9 Furthermore, periprosthetic infection can
often develop even years after surgery, producing false
negatives, but not relevant for immediate prognosis.27
Finally, the diagnostic gold standard remains debatable
and elusive. The selected criteria for infection based on
microbiology may not always diagnose an infection due to
limited sensitivity. Several reports have pointed to the
missed infections in orthopedic surgery; using PCR technol-
ogy, pathogenic organisms were found in as many as 72% of
revision cases.28,29 Strict patient selection is required as both
serum markers change drastically with other inflammatory
conditions, including rheumatoid arthritis, psoriasis, and
gout. Despite the diagnostic value of ESR and CRP, there is
no one ideal test for patients with THA, and the combination
of other comorbidities or confounding factors makes the
clinical decision an arduous task.
These limitations, however, do not detract from the value
of this proposed work that attempts to standardize diagnos-
ticmeasures in clinical practice. Many physicians implement
arbitrarily chosen ESR and CRP cut-off values in an attempt
to maximize either the sensitivity or the specificity depend-
ing on individual subjective risk assessment.11,12,25 Of note,
an increase in either sensitivity or specificity leads to detri-
mental changes in the other reactant. As such, ROC analysis
affords us the privilege of obtaining cut-off values with an
optimal balance for both sensitivity and specificity. Hence,
the proposed thresholds of 31 mm/h for ESR and 20.5 mg/l
for CRP, when standardized for the individual laboratory,
may allow improved diagnosis and better management deci-
sions without putting the patient at risk for unnecessary
procedures, antibiotic treatments, or even life-long disabil-
ity. One caveat must be kept in mindwhen implementing the
above thresholds in clinical practice. The definition of opti-
mal relates only to sensitivity and specificity but does not
take into consideration the costs of misdiagnosing conse-
quent to the false positive and negative rates. We therefore
recommend that further research be undertaken to inves-
tigate the role of cost-effectiveness of each diagnostic tool
in order to portray a more holistic picture during the
diagnostic work-up.
We have previously suggested a diagnostic algorithm that
provides a roadmap for combining laboratory examination,
imaging, microbiology, and pathology in order to amplify the
utility of each test.4,8 Those algorithms, however, are mean-
ingless if the appropriate questions at each decision fork are
not answered correctly. To maximize diagnosis and subse-
quent management, specific values or thresholds should be
determined for each test. We suggest that statistical meth-
ods like ROC analysis can assist in defining cut-off values for
ESR, CRP, or other critical markers involved in the decision
ESR and CRP in the diagnosis of periprosthetic infection e449process. A clinical approach derived in evidence-based med-
icine will subsequently lead to improved practice guidelines,
better management strategies, and will ultimately benefit
the patient.
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